This study was designed to analyse the relationship between the different blood pressure (BP) variabilities obtained in a non-invasive way and to determine the potential contribution of aging, severity of hypertension and increased ventricular mass to these different BP variabilities.
Introduction
A diurnal blood pressure (BP) rhythm was first described at the end of the 19th century, with higher BP values during the day than during the night and abnormalities in this rhythm have been shown to be associated with a poor prognosis in hypertensive patients. Within each subject, however, BP variability is not limited to the day/night BP changes, but also involves transient BP variations which have a prognostic relevance, too.
Several calculations have been proposed to quantify BP variability from a 24-h intra-arterial BP moni- Short-term variability indexes were shown to be significantly related to those of long-term variability. A decrease in LF spectral powers was associated with a particular profile characterised by an attenuation of nocturnal BP fall, an increase of daytime BP standard deviations, an increase in post-prandial BP fall, a decrease in BRS and to a lesser extent, a diminution in night-time HR standard deviation. Moreover, a negative significant relationship was found between standard deviation of daytime systolic BP and both night systolic BP fall and BRS.
Age and nocturnal BP level were associated with all BP variability disorders, whereas left ventricular hypertrophy was associated only with a decrease in LF spectral powers and in night BP fall, and an increase in standard deviation of daytime BP. Finally, LF spectral power of SBP was identified as independently predicted by age and night SBP fall.
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toring obtained with the Oxford technique, 1 namely, the standard deviation of BP readings over the whole 24-h period, or the standard deviation of the mean value of all the 30-min periods or the average of the standard deviations of each half-hour; the spectral powers of BP and the cosinor method have been also used.
Nowadays, the non-invasive ambulatory recorders currently used to visualise the whole 24-h cycle, are based on the oscillometric or on the auscultatory technique and provide no more than 100 readings per day; therefore this method should be considered as more able to measure long-term variability than to analyse short-term BP fluctuations.
In contrast, the photoplethysmographic method (ie, the Finapres) gives a continuous BP signal over a 15-min period; this signal is computerised and broken up into its constituent frequency components by power spectral analysis, allowing for a satisfactory approach to short-term BP variability.
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The mechanisms responsible for BP variability are not yet fully understood. Increases and reductions in BP are concomitant with behavioural conditions that result in stimulation and deactivation, respectively, of sympathetic cardiovascular influences, suggesting that the involvement of central nervous system factors is important in the production of both short-term and long-term BP variations. 1 The present study was aimed at analysing the relationship between the different BP variabilities obtained in a non-invasive way and at determining the potential contribution of aging, severity of hypertension and increased ventricular mass to these different BP variabilities.
Methods
The study population consisted of 206 essential hypertensive subjects recruited consecutively from three French hypertensive care units. Individuals with any cardiovascular disease other than hypertension were excluded from the study as were those with diabetes mellitus. In treated patients, antihypertensive therapy was withdrawn for at least 2 weeks before the study. All participants were informed about the procedure and gave their informed consent.
Clinic blood pressure was measured using a mercury sphygmomanometer according to the WHO' recommendations.
Ambulatory blood pressure measurement (ABPM) was used for the determination of long-term variabilities. Twenty-four hour BP was measured every 15 min using an automatic oscillometric device (Spacelabs 90207 apparatus, Spacelabs Inc, Redmond, WA, USA). The daytime BP was calculated as the average of the readings between 9.00 am and 9.00 pm, and night-time BP as the average of the readings between midnight and 6.00 am. Patients with a daytime ambulatory BP less than 135/85 mm Hg were defined as white coat hypertensives. Nocturnal fall in BP was calculated as the difference between daytime and night-time BP adjusted for the daytime BP level and expressed in percentages. Patients with a nocturnal fall in BP less than 10% were defined as non-dippers. 4 The standard deviations of the hourly BP mean levels were also calculated.
Post-prandial fall in BP was defined as the ratio (a-b)/a where 'a' denotes the mean BP level from 10.00 am to 11.00 am and 'b' indicates mean BP level from 2.00 pm to 4.00 pm.
Photoplethysmographic blood pressure recordings were used for the measurement of short-term BP and heart rate (HR) variabilities.
All 206 subjects underwent a non-invasive BP continuous recording using the plethysmographic method (Finapres 2300, Ohmeda SA, Trappes, France) for a 15 min period, in a supine position, always less than 4 days before ABPM. All subjects had a respiratory rate in the normal range (breathing rate: 15 ± 1 per min), and were requested to regularly breathe and to avoid any deep respiration during the recording. In consideration of the circadian rhythm of the autonomic tone, all recordings took place between 9.00 am and 11.00 am.
The analog BP signal was digitised one-line at 200 Hz using a data acquisition package (Advantech Data Acquisition Software, Advantech Co Ltd, USA), incorporating a 12-bit analog to digital converter (PCL-812 enhanced multi-lab card, Advantech Co Ltd). A specifically designed program (M.Comparat ISN-UJF, CNRS, Grenoble France) identified, systolic BP (SBP) and diastolic BP (DBP), as well as heart rate (HR). Variability in the frequency domain was evaluated by coarse graining spectral analysis using a modified fast-Fourier transform over 512 time-series as described by Yamamoto. 5 The next stage was the calculation of a mean periodogram according to a method of overlapping by steps over 51 intervals. Two frequency bands were considered for analysis: low frequency (LF: 0.05-0.14 Hz) and high-frequency bands (HF: 0.14 -0.40 Hz). The absolute spectral power of each band was defined as the sum of the elementary spectral amplitudes between each defined cut-off point, in mm Hg 2 for blood pressure and in (beats/min) 2 for HR. The relative spectral powers were calculated by dividing each power component by the total power and were expressed in normalised units (n.u.).
Baroreceptor reflex sensitivity (BRS) was evaluated, using the method previously described by Parati 6 using a specifically designed program (M Comparat ISN-UJF, CNRS, Grenoble France) which identifies the SBP and pulse interval (PI) sequences progressively increasing (positive sequences) or progressively decreasing (negative sequences) over three or more consecutive beats. The threshold for change was set at 1 mm Hg for SBP and 4 ms for PI. If the correlation coefficient between SBP and PI for each sequence was у0.95 then the slope was taken as a measure of the sensitivity of the baroreceptor heart rate reflex. Data from sets of sequences were averaged in order to obtain a mean value of baroreflex sensitivity.
Standard echocardiography was performed in all subjects, using a Diasonics CFM 750 echocardiograph in order to measure left ventricular mass (LVM). LVM was divided by the (body height) 2.7 to obtain LVM Index. 
Statistical analyses
These were performed using BMDP statistical software (version 7.0). Values are expressed as mean ± standard deviation. The association between the quantitative variables was evaluated by Pearson's coefficient correlation. Multivariate linear regression analysis using a backward manual procedure was performed to determine the most important independent variables influencing the spectral powers. Differences at P Ͻ 0.05 were defined as significant.
Results
The analysed population consisted of 206 patients, 123 men and 83 women; 27 (13%) were white coat hypertensives. The demographic and clinical characteristics of the whole population are listed in Table 1 . No significant differences were detected between men and women.
An abnormal nocturnal fall, ie, Ͻ10% defining non-dipper profile was found in 69 patients (33%). The ABP curves over the entire day in dippers and non-dippers are shown in Figure 1 . The different long-term variabilities calculated from ABPM as well as the short-term BP and HR variabilities expressed by LF spectral powers are depicted in Table 2 .
As shown in Table 3 night BP fall and LF spectral powers decreased with increasing age, whereas postprandial BP fall and BP standard deviations were positively related to age. Furthermore, the larger the duration of hypertension, the smaller the LF spectral powers. LVMI was negatively correlated with night BP fall and LF spectral powers, but positively related to BP standard deviation.
The relationship of variability with BP levels was also investigated: the standard deviation of daytime SBP was positively related to night-time SBP and DBP levels (r = 0.43 and 0.26 respectively), as was the standard deviation of daytime DBP (r = 0.26 and Journal of Human Hypertension Figure 1 Circadian patterns of systolic blood pressure, diastolic blood pressure and heart rate in dippers (᭹) and non-dippers (᭺) (mean hourly levels ± s.e.m.).
0.18 respectively). BRS decreased with increasing age (r = −0.21), with increasing night SBP level (r = −0.24), and with increasing standard deviation of daytime SBP (r = −0.27). A close positive relationship was found between night BP fall and LF spectral powers (Table 4) ; in contrast LF spectral powers were negatively linked to post-prandial BP fall and BP standard deviations. BRS showed a week positive correlation with LF spectral powers of SBP and HR.
Only weak correlations have been found between HF spectral powers and long-term variability indexes.
Regarding the different indexes of long term BP variability: night SBP fall and daytime SBP standard deviation were inversely correlated (r = −0.21), whereas post-prandial SBP fall was positively linked to daytime SBP standard deviation (r = 0.28) and negatively to night-time HR standard deviation (r = −0.19).
Considering LF spectral powers as dependent variables, the predictive independent factors are shown in Table 5 . Thus, the night BP fall and the age appeared as independent predictors of LF spectral powers in all of the models. Of note, LVM index was no longer significantly associated with LF spectral powers of BP after adjustment for the night fall in SBP, systolic blood pressure; DBP, diastolic blood pressure; HR, heart rate; LF, low frequency (0.05-0.14 Hz).
SBP but was still significantly related to adjusted spectral powers of HR.
Discussion
The salient features of our study are summarised on Figure 2 ; pathological conditions such as: left ventricular hypertrophy, elevated night BP level, and advanced age, appeared to be significantly associated with low values of LF spectral powers of BP and HR. Furthermore, decreased LF powers turned out to be significantly linked to a particular profile, characterised by the following alterations in BP and HR long-term variabilities: decreased night BP fall, enhanced ambulatory daytime BP variability, decreased night-time HR variability, enhanced postprandial BP fall and lowered baroreflex sensitivity.
It should be stressed that LVMI, nor age, nor SBP level did act as confounding factors for the correlation between LF spectral powers of BP and night fall of SBP, as long as this relationship was still significant after adjustment for these three covariates.
The interpretation of the BP and HR spectra in frequency domain is still a matter of some debate. 2 Regarding BP spectra, LF spectral power represents a marker of sympathetic vasomotor tone or baroreflex function. HF spectral powers of BP has been suggested to be related to respiration, in particular to its mechanical influences on the heart and the intrathoracic vessels and to vagally mediated changes in HR and cardiac output. As to HR spectra, both sympathetic and vagal influences may contribute to the LF power and arterial baroreflex may also play a role in the origin of the LF component. HR power in the HF band appeared to be a satisfactory but incomplete measure of vagal cardiac control. Nevertheless, spectral powers have been suggested, to reflect the modulation of vagal and sympathetic activity much more than the degree of autonomic tone. 8 Accordingly, our results would be consistent with a lower modulation of sympathetic tone in patients with clinical disorders, such as non-dippers and hypertensives with left ventricular hypertrophy. We could speculate sympathetic tone to be actually higher in those patients than in others, and this sympathetic over-activity could be responsible for a desensitisation of both cardiac and vascular receptors. This would be in agreement with the finding of higher nor adrenaline levels in non-dippers than in dippers, 9 and in patients with left ventricular hypertrophy than in those with normal left ventricular mass. 10 Regarding the association of low LF powers with both an increased ambulatory BP variability and an enhanced post-prandial BP fall, it could be argued that over-sympathetic activity results in a diminished cardiac baroreflex sensitivity, which then fails to compensate for the spontaneous fluctuations of BP during daily activities, as well as for those induced by the digestion.
Indeed, changes in BRS according to the patients' characteristics are of interest: in a previous cohort, 11 we already showed BRS to be negatively related to age and SBP level, as well as to standard deviations of ambulatory BP, even after adjustment for age. Moreover, the present study emphasised a lack of correlation between BRS and night BP fall, a finding in keeping with Vaile's data: 12 these authors suggested that changes in the sensitivity of baroreflex BP control and peripheral resistances may not necessarily be mirrored by parallel changes in the sensitivity of HR baroreflex control.
The prognostic significance of ambulatory BP variability has been fully investigated, whereas there are a paucity of data regarding the prognostic information provided by short-term BP variability.
The 'non-dipper' status has been clearly shown to be associated with a more frequent target organ damage, as compared to dippers: higher levels of microalbuminuria have been found in the former patients 13 as well as a higher rate of cerebral lacunae, 14 and more severe lesions of peripheral arteries; 15, 16 there are still some conflicting data regarding the negative relation between night BP fall and left ventricular mass. 17 In addition, non-dippers were found to be at higher risk of cardiovascular events than were dippers, 18 even in a general popu- Table 3 Relationship between demographic, clinical characteristics and blood pressure and heart rate variabilities *P Ͻ 0.05; **P Ͻ 0.01; ***P Ͻ 0.001; ****P Ͻ 0.0001. SBP, systolic blood pressure; DBP, diastolic blood pressure; HR, heart rate; LF, low frequency (0.05-0.14 Hz). lation of hypertensive and normotensive people. 19 The use of intermittent ambulatory measurements is obviously relevant for the investigation of circadian changes but is debatable regarding the evaluation of more transient BP fluctuations: an interval Ͻ5 min has been required for this purpose by Gerin et al 20 but according to Di Rienzo, 21 a sampling at 15-min intervals should appear as a reasonable compromise between methodological constraints and practical feasibility. Consistently, a significant positive relation has been found between the SBP variability recorded with photoplethysmography and the ambulatory SBP variability; 11 however, it cannot be denied that these two methods do not result in a same approach to BP variability. The prognostic value of short-term BP changes has been mainly documented using intra-arterial recordings: the rate and severity of target organ damage appeared to be less in hypertensives with a low short-term variability, as assessed by half-hour standard deviation of mean BP, adjusted for 24-h average mean BP. 22, 23 Some preliminary transversal studies are available, showing a negative relationship between left ventricular mass and LF spectral powers of BP obtained from photoplethysmography. 24, 25 In a previous study, 26 we attempted to correlate night BP fall and LF powers of BP, in order to test the ability of spectral powers to predict the status of a non-dipper; unfortunately, the relation appeared not to be close enough, for proposing the photoplethysmographic method as a screening test.
Study limitations
All of our patients were ambulatory, resulting in a lack of standardisation of daily activities. The influence of daily activity is known to affect the diurnal profile of BP: 27 subjects undergoing ABPM during a normal working day showed a greater day-night BP difference than did subjects who did not work during the recording. 28 In our study, we made sure that the ABPM was always performed on a day involving the patient's usual activities.
An additional study limitation is related to the non-control of the meals. Food volume and caloric load are important determinants of gastric emptying and post-prandial splanchnic hyperaemia. 29 Then, the magnitude of the post-prandial hypotension is strongly influenced by the quantitative and qualitative characteristics of the meal and an interference with the relationship found between BP post-prandial fall and LF powers cannot be ruled out. Likewise we did not control the consumption of tobacco which is well known to affect both BP level and BP variability, 30 as well as BRS. 31 In conclusion, there is some evidence that underlying mechanisms of HR and BP variability over time are numerous and not yet fully elucidated. The different non-invasive methods which have been developed in this field provide complementary information with relevant relationships between the spectral powers and some of the indexes of ambulatory BP variability adjusted for age, BP level and left ventricular mass.
Whereas the prognostic significance of long-term BP variability is well documented, further studies are needed to determine the real prognostic value of short-term BP variability.
